is suggested to be largely regulated by a silicon efflux carrier Lsi2 (Ma et al., 2008) . Recently, 1 0 3 involvement of auxin transporter, AUX1 in arsenite response has been shown. The plant 1 0 4 tolerance to arsenite is linked to AUX1 mediated auxin transport and reactive oxygen species 1 0 5 (ROS) mediated signaling (Krishnamurthy and Rathinasabapathi, 2013) . However, the role of 1 0 6 auxin transporters in arsenite transport was not investigated. The family of PIN-FORMED (PINs) are the major transporters that facilitates the cellular 1 0 8 auxin redistribution and homeostasis that directly affects plant growth and development under 1 0 9 both optimal and stressed conditions (Okada et al., 1991; Luschnig et al., 1998 ; Shibasaki et al., As(III) and Sb(III) (Maciaszczyk-Dziubinska et al., 2012) . Previously it was reported that portions of PIN2 show 35% -40% identity to the bacterial 1 4 0 transporter ArsB (Luschnig et al., 1998) . We reassessed the homology of PIN proteins with 1 4 1 different arsenite transporters using a bioinformatics approach. Plasma membrane localized PIN 1 4 2 proteins, which function as intracellular auxin efflux carriers, all have a similar structure, with In bacteria and yeast, arsenite transport mechanism is extensively studied. In yeast, et al., 2012; Yang et al., 2012) . In bacteria, arsenite uptake and efflux is passively by ArsB or ArsAB functioning as As(OH) 3 -H + antiporter or ATP-driven extrusion pump, However, in plants, several aquaglyceroprotein NIPs have been shown to regulate passive, 2 5 1 gradient driven arsenite uptake, while only a single protein, rice Lsi2, has been implicated in 2 5 2 active regulation of arsenite efflux. Rice Lsi2 is a silicon transporter and shows 18% homology 2 5 3 with bacterial arsenite transporter, ArsB (Ma et al., 2008; Meharg and Zhao, 2012) . Since PIN2 2 5 4 shows a higher homology with ArsB compared with Lsi2, pin2/eir1-1 mutant shows 2 5 5 hypersensitive response to arsenite-induced root growth inhibition, and arsenite specifically 2 5 6 targets the PIN2 trafficking, we hypothesized that PIN2 may mediate arsenite transport in root.
Dziubinska

5 7
To clarify this possibility, we combined 74,73 As (III) direct transport assay, ICP-MS analysis of 2 5 8 arsenic accumulation, and speciation and localization of arsenic in roots using high resolution 2 5 9 synchrotron X-ray fluorescence imaging (XFI) analysis coupled with X-ray absorption 2 6 0 spectroscopy (XAS). One of the most reliable methods to show transport activity of a plant protein is direct 2 6 2 transport assay in planta. For arsenite, this is a challenging issue as it is not commercially 2 6 3 available. We solved the problem by developing radioactive arsenite ( 74,73 As) by chemical 2 6 4 1 0 reduction of radioactive arsenic (see supplemental methods for detail explanation). A short term 2 6 5 74,73 As transport assay (2h) was performed to compare arsenite transport activity in wild type and 2 6 6 pin2/eir1-1 mutant plants using radioimaging. Five-day old wild type and pin2/eir1-1 seedlings 2 6 7 were incubated in 0.1 and 10 µM 74, 73 As for 2h. The quantification of radioimaged plates 2 6 8 revealed a noticeable increase in 74, 73 As activity in pin2/eir1-1 roots compared with wild-type 2 6 9 roots ( Figure 4A and 4B ), suggesting that arsenite transport is impaired in pin2/eir1-1 mutant.
To confirm the radioimaging results, we also performed direct scintillation counting 2 7 1 experiment using individual roots. A noticeable increase in 74, 73 As activity was observed in 2 7 2 pin2/eir1-1 roots for all tested arsenite concentrations ( Figure 4C ). Collectively, these results 2 7 3 suggest the possibility that As(III) species could serve as a transport substrate for PIN2 and 2 7 4 hence loss of PIN2 functioning would result in higher intracellular accumulation of arsenite. Due to the low specific activity of 74, 73 As, the radioactive transport assay was conducted 2 7 7 on whole plant roots. However, PIN2 is preferentially expressed in meristem and elongation As(III) transport, we determined arsenic concentrations in the 5mm-long root tips after short fold increase in arsenic accumulation was observed in pin2/eir1-1 mutant plants ( Figure 4D ). Similar results were observed for a long term (3d) arsenite treatment (Supplemental Figure 9 ). Heterologous expression system is another approach to assess the protein transporter Hence, for testing the arsenite transport activity of PIN2, we selected the yeast strain 2 9 4 lacking both Acr3p and Ycf1p (ycf1∆ acr3∆). Expression of Acr3 in ycf1∆ acr3∆ did result in 2 9 5 increased resistance to arsenite in growth assay and reduced accumulation of arsenite in transport 2 9 6 assay. However, PIN2 did not show any arsenite transport activity (Supplemental Figure 10 ). These results suggest that even if PIN2 may be involved in arsenite transport in plants, it is not 2 9 8 functional as such in S. cerevisiae. This finding is not inconsistent as in numerous studies it has 2 9 9 been shown that the expression of plant proteins in heterologous system widely varies depending 3 0 0 on the system that is used, and in many cases plant proteins either do not express in heterologous from the Acr3 family of transporters are widely distributed in prokaryotes and fungi with the 3 0 8 exception of S. pombe (Wysocki et al., 2003; Mansour et al., 2007) , and hence the current assay 3 0 9 protocol need to be modified to be used for studies of arsenite using this system. Testing of the 3 1 0 available S. pombe strains and other heterologous systems to study properties of PIN2 as 3 1 1 transporter of trivalent arsenicals will be a topic of our future research. High resolution synchrotron X-ray fluorescence imaging (XFI) coupled with XAS is a 3 1 4 powerful technique to identify the localization and chemical speciation of metals and metalloids 3 1 5 in situ (Pickering et al., 2000) . In this study, application of the synchrotron techniques pursued 3 1 6 the following goals: 1) to compare the patterns of arsenic distribution and its relative 3 1 7 concentrations in the roots of arsenite-exposed wild type and pin2/eir1-1 mutant plants, and 2) to Since the short term and long term treatments with exogenous arsenite essentially XFI imaging revealed a striking difference in arsenite localization in wild-type and 3 2 5 pin2/eir1-1 roots ( Figure 5A and 5B). While arsenic accumulated at the very end of the root tip 3 2 6 of arsenite exposed pin2/eir1-1 mutant, the arsenic distribution seems to be more diffuse in the 3 2 7 root apical meristem of wild-type ( Figure 5A and 5B). Calculations of arsenic areal densities in 3 2 8 the comparable portions of the apical root meristem in arsenite-exposed wild type and pin2/eir1-
Speciation and localization of arsenic by Synchrotron X-ray Fluorescence Imaging
1 root samples using XFI maps revealed 2-3 times higher mean values for arsenic in pin2/eir1-1 3 3 0 root tips compared with that of wild-type (Table 2 and Figure 5F ). These results are consistent 3 3 1 with the observed difference in accumulation of arsenic in wild type and pin2/eir1-1 root tips and The micro-XAS analysis of As K-edge (near edge spectra) was conducted at various parts belongs to the same Brassicaceae family as A. thaliana (Pickering et al., 2000) .
The XFI elemental maps at the micron and sub-micron scale allowed us to compare 3 4 1 accumulation of arsenic and other biologically important elements in the root apical meristem of 3 4 2 pin2/eir1-1 and wild type. The elemental analysis data are presented in Table 2 . Root tips of 3 4 3 arsenite-exposed pin2/eir1-1 showed 2-3 fold higher arsenic accumulation compared with the were observed between wild-type and pin2/eir1-1 (Table 2 and Supplemental Figure 11 Collectively, these results support the results of the radioactive arsenite transport assay and ICP- MS measurements that arsenic accumulates in higher levels in root meristem zone of pin2/eir1-1 3 4 8 as compared to wild-type plants. In this work, we provide a new insight into the role of auxin efflux carrier PIN2 in 3 5 3 regulating root arsenite response as well as in facilitating the intracellular transport of As (III) 3 5 4 species. Several lines of molecular and cellular evidence suggest that response of Arabidopsis 3 5 5 root to arsenite but not arsenate is tightly linked to altered intracellular auxin homeostasis, in root was found to be linked to altered auxin homeostasis. Arsenite inhibited the shootward 3 6 0 auxin transport and subsequently the intracellular auxin distribution, which was supported by the Comparison of arsenic transport dynamics and arsenic accumulation in wild-type and 3 7 0 pin2/eir1-1 mutant plants by in planta transport assay, ICP-MS and high resolution synchrotron 3 7 1 fluorescence imaging coupled with micro-XAS at selected root meristem provides evidence that 3 7 2 arsenite efflux in A. thaliana is linked to PIN2 functioning. It is important to note that the in 3 7 3 planta transport assay and ICP-MS analyses were performed for a brief period (2h), which rule obtained by synchrotron XFI were in the root cap and epidermis of apical meristem, the same tissues where PIN2 would be normally expressed in wild type. Moreover, only the arsenic In contrary to an earlier study (Krishnamurthy and Rathinasabapathi, 2013) , where it 3 8 4 was claimed that both pin1 and pin2 showed hypersensitive response to arsenite-induced root 3 8 5 growth inhibition, we did not find any effect of arsenite on PIN1 neither in the root growth nor in 3 8 6 trafficking assays. We found several other discrepancies in this work. For instance, the author 3 8 7 claimed that exogenous IAA treatment alleviates arsenite tolerance in aux1, which is not 3 8 8 explainable as numerous studies showed that aux1 is IAA resistant and IAA uptake is 3 8 9 significantly reduced in aux1 (Pickett et al., 1990; Marchant et al., 1999; Rahman et al., 2001) .
The authors also claimed that arsenite inhibits auxin uptake. However, the authors performed only substantial difference in these two works was the plant growth condition; while they used 3 9 5 an alternating light/dark regime, we used continuous light. Hence, the results presented in It might seem paradoxical that arsenite specifically targets the intracellular cycling of These results exclusively suggest that trafficking pathways of PIN1 and PIN2 are distinct and 4 1 9 support our observation that arsenite selectively targets the machinery that only regulates PIN2 evidence in oocytes suggests that efflux of silicon by Lsi2 is an energy-dependent active process show any arsenite transport activity (Ma et al., 2008) . Similarly, expression of PIN2 in 4 3 0 S.cerevisea did not show any arsenite transport activity either. These results also highlight the 4 3 1 possibility that these proteins function in planta is aided by other proteins, which are absent in 4 3 2 the heterologous system and hence failed to show the expected transport activity. transport (Blakeslee et al., 2007; Zazímalová et al., 2010; Cho et al., 2012; Geisler et al., 2017) . Blakeslee et al., 2007; Titapiwatanakun et al., 2009; Cho et al., 2012) . It was also proposed that while members of the ABCB and PIN families can function as independent auxin transport 4 4 0 catalysts, "a strict co-operative or mutual functionality" cannot be excluded (Geisler et al., 2017) . In many organisms, proteins from PGP/ABCB/MDR group are involved in active efflux of 4 4 2 various xenobiotics, including metals, from the cells. In fact, MDR1/ABCB1 gene codes a P-4 4 3 glycoprotein was the first ABC transporter correlated with arsenic resistance in human renal 4 4 4 carcinoma cells (Maciaszczyk-Dziubinska et al., 2012) . We speculate that selected plant ABCB Although the uptake mechanism of arsenite in plant is largely understood, efflux Surface-sterilized seeds were germinated and grown for 5 days containing 1% w/v 4 6 6 sucrose and 1% w/v agar (Difco Bacto agar, BD laboratories; http://www.bd.com) in a growth for 5 days and then transferred to nesw plates with or without arsenite and arsenate, and pin1-3 was maintained as heterozygous and homozygous seedlings were selected using the fused 4 7 5 cotyledon phenotype as described earlier (Aida et al., 2002) . database. Multiple sequence alignment (Supplemental Figure 2 and 3) and identity matrix ( Root tip reorientation was assayed as described earlier (Rahman et al., 2010) . In brief, 5-5 0 0 day-old vertically grown seedlings were transferred to new square plates in presence or absence 5 0 1 of arsenite. After the transfer, the roots were gravistimulated at 23°C by rotating the plate 90°.
0 2
To measure the curvature of roots and elongation, photographs of plates were taken at specific incubated with or without 10μM arsenite for 3 days. Shootward auxin transport was measured as USA Instruments, Fullerton, CA). Data were obtained from at least three biological replicates. ii) Arsenite transport assay 5 1 8 74,73 As (III) prepared from radioactive arsenic ( 74,73 As) was used for transport assay. ( 74,73 As (III) preparation method is described in detail in supplemental method section). 5-day-
old vertically grown Col-0 and eir1-1 seedlings were incubated in Hoagland solution containing 5 2 1 0.1 and 10 µM labeled 74,73 As (III) (approximately 5KBq ml -1 ) for 2h and transferred to a fresh 5 2 2 plate to separate root and shoot samples. For radioluminography, the seedling roots were 5 2 3 incubated in 0.1 and 10 µM and then placed on a Kraft paper using double-sided tape. The 5 2 4 sample was exposed to an imaging plate (IP; BASIP MS, GE Healthcare Lifescience) and the contents in seedlings were calculated from the value of photostimulated luminescence in the 5 2 7
imaging data. Data were obtained from three biological replicates.
2 8
For liquid scintillation count, individual whole root sample was taken in separate 5 2 9
tubes and 10 individual roots were considered for each treatment. Individual root sample was For live cell microscopy, five-day-old GFP or DII-VENUS transgenic seedlings were used.
3 5
For short term BFA treatment, five-day-old seedlings were incubated in 10 μM arsenite for 2h incubated with or without 10 μM arsenite for additional 3 days. After the incubation, BFA 5 3 8 treatment was performed as described above. After the BFA incubation, the seedlings were The accumulation of BFA bodies in PIN2-GFP was quantified in the transition area of the For short term treatment, five day old wild-type and pin2/eir1-1 seedlings were 5 5 0 transferred to Hoagland solution containing 10 μM and 100 μM arsenite and incubated for 2h.
1
After incubation, roots were washed three times and 5 mm root tip were cut dried and weighed. Five-day-old light grown wild-type or mutants seedlings were transferred to new agar plates Five-day-old Arabidopsis seedlings were subjected to arsenite treatment for 3 days. Compared 8 0 7
with wild-type, eir1-4 showed hypersensitive response to arsenite induced inhibition of root 8 0 8
elongation at all concentrations we tested (P < 0.0001), while complemented line of pin2, eir1-4-8 0 9
PIN2:PIN2 show wild-type like response to arsenite induced root growth inhibition. 
